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FOREWORD 

This report was prepared by Republic Aviation Corporation 
•n Contract AF33(038)-12917. RDO No. 664-802, Prevention and 
Removal, Ice and Frost, Aircraft Surfaces, is applicable to this 
report. It vaa administered under the direction of the Equip- 
ment Laboratory, with D. M. Patterson acting as project engineer. 
J. S. Martin, Chief Research Engineer, was responsible for the 
administration of this program at Republic Aviation Corporation. 
This is the final report on the project; it contains all of tho 
useful data presented in the previous progress reports. 

The author wishes to express his appreciation to W. R, 
Bush for his helpful suggestions and guidance throughout the pro- 
gram and to H. Tevle for his valuable suggestions and assistance 
in the preparation of the material on reflector design. Other 
members of the Republio Aviation Corporation staff who, at some 
time during this program, contributed by conducting experimental 
tests, gathering data and etc., are: Edward Lee, Sidney Gra vitas, 
Herbert A. Grumm, Robert Kamerow, Ronald V. McCaffrey, Joseph L. 
Poggie and Robert 6. Revenko. 
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• 

ABSTRACT 

Data are presented herein, useful in the 
design ox inira-red defrosting and deicing 
systems. The data can be subdivided into two 
main parts. One part deals with the pertinent 
physical properties of receiver, reflector, 
filter and source materials. The physical prop- 
erties include spectral reflection, transmission, 
absorption and etc. The data have been gathered 
for the wavelength band immediately beyond the 
visible, 0.75 to 10.0 microns. The other section 
is devoted to methods of predicting the distri- 
bution and magnitude of the radiant energy im- 
pinging on a receiver from a source-reflector 
combination. Results of an experimental test 
on the magnitude and distribution of radiant 
energy issuing from a cylindrical source with- 
in a parabolic reflector and impinging on a 
plexiglas receiver, are shvtn to compare favor- 
ably with predicted res cuts based upon the data 
herein contained. 

PUBLICATION REVTEH 

This report has been reviewed and ia approved• 

FOR THE COMMANDER: 

Colonel, USAF 
Chief, Equipment Laboratory 
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INTRODUCTION 

Recent studies nave indicated the superiority of infra- 
red over other systems for defrosting, anti-icing and de- 
icing of certain aircraft cockpit transparent enclosures. 
A simple infra-red system for heating panels, may consist 
of a radiating source and a reflector to efficiently direct 
the radiant energy upon the panel. 

The scarcity of infra-red optical data has hindered the 
design of infra-red heating systems. The purpose of the 
subject research project is to gather and compile this data, 
in a form readily usable by the designer. Basic data are 
presented on the total and spectral absorption, reflection 
and transmission of aircraft transparent materials and water, 
frost and ice. Also presented are data on the total and 
spectral Amissivity of materials suitable for use as a radiat- 
ing source and the total and spectral absorption and re- 
flection of materials suitable for use as a reflector. In 
addition, a general analytical method has been developed for 
determining the magnitude and distribution of radiant energy 
impinging or absorbed by a receiver from any source-reflector 
combination. 
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SECTION I 

PROPERTIES OF PLEXIGLAS AND LUCITE, 
GLASS, LAMINATED GLASS AND VINYL 

Plexiglas and Luclte, glass, laminated glass and vinyl 
are the transparent materials generally used In aircraft 
enclosures. The physical laws that govern the reflection, 
transmission and absorption of these materials are presented 
in this section. Pertinent data, gathered from many sources, 
are also presented and discussed. 

——I RlifUoagnipg 

Of the total Incident energy, E, impinging on a transparent 
material, a portion, Ee , is reflected another portion, EA , is 
absorbed and the remainder, ET , is transmitted. 

E * Ee + E*-«-ET (i) 

1. Reflection 

The specular reflection from a polished surface can be 
expressed in terms of the polarized rays vibrating parallel and 
perpendicular to the incident surface, by Fresnel's equations. 

rH ~ fr~*a-L') /JUM1^^) (2) 

f   =^*v2(t-OA^2^+l') (3) 

If the incident energy is composed of equal amounts of 
both polarized components, the average reflection can be expressed 
as* 

L *  angle of incidence 
C =  angle of refraction 
V « fraction of incident energy reflected 

For the special case of unpolarized, normal incident radiation, 
the reflection from the surface of a material immersed in air, is: 

r= (r.-0Wn + i)x (5) 

n *  refractive index with respect to 
air a .^tnc 
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2. Transmission 

Each differential layer of a semi-transparent material 
will absorb a constant percent of the radiation entering the 
layer. In differential form, the decrease in intensity in pass- 
ing thru the differential layer may be expressed ass 

/#/- transmitted light gradient 
Em = intensity of light entering layer 
K = absorption coefficient 

Integrating the above expression, the radiation transmitted thru 
a layer of material, is: 

4fs • ..ty*E*er,ru (7) 

EL«S transmitted radiation energy thru a 
thickness of semi-transparent material 
(no reflection) 

<S? * base of natural logarithm 
L » thickness of material 

3. Absorption 

The absorption of radiant energy is calculated in- 
directly by use of equation (l) after the reflected and trans- 
mitted energy has been determined. If reflection occurred only 
at the front surface, the previously presented relationships for 
reflection and transmission could be simply applied and the absorbed 
energy determined for a pane of transparent material with known 
values ofnand Hf . However, due to multiple-reflection, illustrated 
in Pig. 1, the relationships are more complicated. Also, at angles 
of incidence other than normal to the surface, the increased 
radiation path length thru the material must be considered. The 
length of the radiation path, V,   thru the material at various 
incident angles may be determined from: 

How, the expression for transmission, modified to account for 
the increased radiation path length, is: 

ET.-3E, -e^^We, (9) 

The term, g, it defined by equation (9). It is discussed more 
fully in Ref. 32. As can be seen from Fig. 1, the total trans- 
mitted energy is given by the following infinite series: 

ET « E$6-»0* [« + (r*)** (rrf+(rtf+ ----] (10) 
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The sum of this Infinite series can be expressed as: 

Sr • E *!=$& (ID 
Since g<l, and for the materials under consideration the 
magnitude of l" is approximately 0.04, the term ( ^4)*" may be 
neglected, yielding! 

Er~E0-rY<3 (12) 

Mote that the above expression can be developed directly from 
equation (10j by neglecting the transmitted rays other than the 
first. A similar expression can be derived for the total multi- 
ple reflection (See Fig. 1). 

*-*['• *SS0 (13) 

If all but the first reflection is neglected, then: 

£**: zr (14) 
Substituting the exact expressions for reflection and transmission 
into equation (1), the absorbed energy 1st 

EA - E [l-r- <!$}] C») 
And by the approximate relationships: 

E*=E\\-r-30-n] (16) 

Experimental and Theoretical Data 

1. Reflection 

The refractive indicies of Lucite and Plexlglas as a 
function of wavelength are presented in Fig. 2. The refractive 
index of glass is shown in Fig. 3. The greater portion of the 
available data are for the visible range.  The refractive index 
changes rapidly in the ultraviolet and only slightly in the infra- 
red range.  This suggests that a constant value of H may be 
selected for the infra-red range under investigation for the pur- 
pose of engineering calculations. The average value selected for 
all the transparent materials investigated isn= 1.48.  The vari- 
ation in reflection as a function of angle of incidence, based on 
equation (4), is shown in Fig. 4. Also shown is a comparison of 
reflection values over a range of refractive indicies from 1.44 
to 1.52.  This range of indicies is greater than the expected vari- 
ation of all the materials in the entire test wavelength band.  The 
greatest variation, at any angle of incidence, between the reflection 
at an extreme value of n compared to the mean value of f) is but 
1 % of the Incident energy. 
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The effect of temperature on index of refraction and hence 
on reflection is small as shown in Fig. 5. Within the range of 
-65 to +160°F the variation may be neglected for the purpose of 
engineering calculations. As an example, the difference in the 
first reflection from the glass of Fig. 5 at -65°F compared to 
+160°F, calculated from equation 5, is but 0.06°/o of the incident 
radiation. 

An experimental check of Fresnel's relationship between 
angle of incidence and reflection was made on the portable 
spectrometer schematically illustrated in Fig. 6 and photographed 
with auxiliary equipment in *'ig. 7. The optics are essentially 
the same as the Perkin-Elmer 12B spectrometer. The ability to 
change the position of the detector, an Eppley Thermopile, permits 
measurements of transmission at various angles of incidence other 
than zero degrees; measurements which can not be made with a 
standard spectrometer.  For at angles of incidence other than zero 
degrees, the ray transmitted thru a transparent material is trans- 
lated parallel to the incident ray.  In order to measure the true 
energy of the transmitted ray, the detector must be translated 
a like amount. This is illustrated in Fig. 6. Briefly, the 
method employed in these tests consisted of transmission measure- 
ments at various angles of incidence from which the percent re- 
flection was calculated.  It was assumed that the index of re- 
fraction was equal to 1.48, and the normal reflection was calcu- 
lated from equation (5).  The absorption coefficient for the 
material under consideration was next determined by a transmission 
measurement at normal incidence and substitution of the results in- 
to equations (9) and (12). Once the absorption coefficient was 
known, the reflection at the various angles of incidence could be 
calculated from the test results and equations (9) and (12).  Since 
this method involves the computation of the absorption coefficient, 
a possible source of error, only filters limiting the radiant energy 
to band widths of high transparency, for the particular test spec- 
imen, were used. Figs. 8 and 9 show the test results compared 
to the theoretical curves obtained by Fresnel's relationship as 
given by equations (2) and (3). The test data follows the general 
shape e'f the average theoretical curve but are a few percent low. 
This slight deviation may be due to inaccuracy in angle measure- 
ment, error in determination of the absorption coefficient, or 
possibly slight polarization of incident radiation.  The agreement 
is sufficient to confirm the use of the theoretical relationship 
for calculating the reflection at any angle of incidence. 

Normal spectral reflection measurements of plexiglas, glass 
and vinyl specimens were made for Republic Aviation Corporation at 
the New York Naval Shipyard with a reflectometer described in Ref. 7. 
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The results are presented in Fig. 10. The reflection measured 
is the total reflection and hence is affected by thickness and 
absorption coefficient. At wavelengths of high absorption, the 
reflection decreases because the only contribution is from the 
initial ray at the front surface. Although not shown it this 
data, reflection peaks, sometimes occurring near absorption bands, 
have negligible effect on the reflection when averaged over a 
sizable wavelength band width. 

2. Transmission 

Experimental spectral transmission tests were made, 
by use of a Beckman Spectrometer in the wavelength range between 
0.75 and 1.1 microns and a Perkin Elmer Model 12 Spectrometer 
was used in the wavelength region between 1.1 and 10.0 microns. 
These tests were conducted at the Westinghouse Plant in Bloomfield, 
Mew Jersey.  Several thicknesses of each of the following materials 
were tested. 

a. Lucite 202 
b. Lucite 201 
c. Plexiglas IA 
d. Plexiglas II 
e. Glass {annealed and tempered, regular 

and water white, manufactured by Libbey- 
Owens-Ford and Pittsburgh Plate Glass 
Companies) 

f. Vinyl bonding material 
g. Laminated glass 

The results are presented in Figs. 11-20. A comparison of 
the data for the methyl methacrylate samples reveals that the 
transmission properties are essentially the same for both the high 
and low temperature materials and for the products of both manu- 
facturers (Figs. 11-14).  This material has very notiareable 
absorption bands between 0.75 and 2.2 microns) beyond 2.2 microns 
it can be considered opaque. The transmission properties may be 
affected to a slight extent by aging. 

Figs. 15-18 show the spectral transmission properties of 
plate glass.  The transmission decreases sharply at 2.7 microns 
and is negligible after 4.6 microns. A comparison of the trans- 
mission of annealed and tempered glass, both manufactured by 
Pittsburgh Plate Glass Company, is shown in Fig. 16. Heat treat- 
ing glass does not appreciably change its transmission properties. 
Fig. 17 is a comparison of the transmission of regular glass from 
two manufacturers. The Pittsburgh Plate Glass Company regular glass 
has a somewhat lower transmission than that of the Libbwy-Owens-Ford 
Company probably due to the greater iron content which also gives 
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the glass a greener tint. White glass samples from the two 
Manufacturers are compared in Fig. 18. There is a smaller 
yariatlon between the samples of white glass from the two manu- 
facturers than in reguaar glass. In general, white glass has a 
considerably hlgner transmission than regular glass.  Note that 
glass samples from the same manufacturer but prepared from 
different batches, may differ slightly. 

The transmission of the vinyl bonding material, used by 
Pittsburgh Plate Glass in the manufacture of laminated glass, 
is presented in Fig. 19.  There are many sharply defined 
absorption bands and a large region between 2.7 and 3.8 microns 
in which there is no transmission.  For the thicker specimens, 
transmission may be considered negligible past 2.7 microns. 

The transmission of laminated glass is shown in Fig. 20. 
As con be observea, the transmission is dependent upon the color 
of the glass. The laminated glass was built to Air Force 
Specifjcation Ho. AH-DD-G-551, Amendment 1, except for the 1 1/2 
inch thick specimen which was built to Air Force Specification 
Ho* 54012.  The latter specification is more rigid as to light 
transmission in the visible range.  It requires a minimum trans- 
mission in the fisible range of SO /o compared to the 706/£ called 
for by Specification Ho. AM-DD-G-551, Amendment 1. To meet the 
higher transmission requirements, it is usually necessary for the 
manufacturer to use water white glass instead of regular glass. 

The transmission of the laminated glass may be predicted 
from, tn* data gatnered on its components, glass and vinyl. The 
internal reflection loss between two materials with approximately 
equal indicies of reflection is small. As an example, the loss 
at a surface formed by two materials ofn equal to 1.5 and 1.4 is 
0.1 /0.  Hence In calculating the transmission thru laminated glass, 
internal reflection losses can normally be neglected. In this case, 
equation (12) becomes: 

B 
*  '(17) 

wherein g and the odd number subscripts refer to the glass and 
V and the even number subscripts refer to the vinyl. Using a 
constant value ofr equal to 0.0275 and the absorption coefficients 
as determined in a following section from the glass and vinyl trans- 
mission tests, the transmission of the laminated glass was calcu- 
lated.r.nA comparison or calculated and test results is presented ill 
Figs. 21-2*5. The computed transmission agrees fairly well with 
the experimental results. The 1 1/JI Inch bullet resistant elass, 
shows hlgner transmission than can be calculated, in the wavelength 
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region near the visible. It is believed that this is due to the 
use of a "whiter" glass than was singly tested. 

The variation of the transmission of glass, methyl meth- 
acrylate and vinyl with temperature, in the range between -65°F 
and 160°F, was checked by use of the portable filter spectrometer, 
previously described. The spectrometer was alternately set up 
in an oven and refrigerated room to obtain the entire temperature 
range. As Fig. 24 shows, there is no appreciable variation in 
transmission of any of the test materials in this temperature range. 

As a matter of interest, transmission data for the same 
materials from other sources are presented in Figs. 25-30. 

3. Absorption 

The absorption coefficient, K, may be calculated from 
transmission data in several ways by use of equation (12).  For 
normal incidence, this equation reduces to: 

|r =e"L(i-r)» (18) 

Given the transmission of two thicknesses of the same material, 
a ratio based on equation (18) may be made which will eliminate 
the reflection term as follows: 

*j/|r,   "   £-*<-« (19) g 
wherein the subscripts 1 and 2 designate the two different thick- 
nesses. Solution of the above equation for K yields: 

rcT. 
(20) *» W'-i 

Another method, useful when data from more than two or more thick- 
nesses are available, is a graphical one. Equation (18) expressed 
in logarithm form is: 

A* (¥) - ^l 0-rY- KL (B1) 
Hence, if the transmission is plotted versus length on log-log 
paper, the slope of the straight line will represent -&. Also, 
the intercept at L = 0, will represent (»-r)*. A third possible 
method is to estimate f from the index of refraction and solve for 
K directly from equation (16). Methods 1 and 2 are extremely 
sensitive to the inherent experimental error involved in the high 
transmission range. A check revealed that, even with the slight 
variation in reflection to be expected, method 3 yielded results 
as or more consistent than methods 1 and 2. Using a value of r equal 
to 0.0375, the absorption coefficient for the various materials 
was determined and plotted in Fig. 31 as a function of wavelength. 
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Data collected from other sources are presented in Pig. 32. 

4, Total Transmission and Absorption 

Up to now, only spectral transmission, i.e., the per 
cent of incident light, composed of a very narrow wavelength 
band that passes through a  transparent material, has been 
considered. Data of this type save Deen presented for a large 
range of wavelengths. A radiant source at a particular temper- 
ature will radiate varying amounts or energy at each wavelength. 
This is discussed more fully in a later section. The total trans- 
mission, i.e. the per cent of the total radiation emitted from 
the source that will be transmitted thru the material is evidently 
a function of the radiating characteristics of the source as well 
as the transmission characteristics of the receiver. Knowing both 
characteristics, the radiant energy transmitted at each wavelength 
may be computed. This result, energy transmitted peruunit wave- 
length may be plotted versus wavelength, integration of this curve 
will yield the per cent of the total radiation transmitted. Assum- 
ing a constant 4 % total reflection for glass and plexiglas the 
amount of energy absorbed may then be calculated. This last 
assumption is very closely true when there is very little trans- 
mission as in the greater portion of the infra-red region. 

The total absorption of various thicknesses of methyl 
methacrylate and glass for black body radiation at several temper- 
atures have been calculated and the results are shown in Fig. 33. 
The absorption of energy in the wafelength region below 0.75 microns 
was considered negligible. Black body radiation is discussed more 
fully in a later section on radiation sources. The greater absorption 
of methyl methacrylate as compared to glass is noticeable from the 
figure. All methyl methacrylate thicknesses considered, absorbed 
more than 90°/. of the incident energy for source temperatures below 
2000°R. 

SECTION II 
PROPERTIES OF WATER, FROST, ICE AND FOG 

The general theoretical relationships on reflection, trans- 
mission and absorption, discussed in the previous section, are 
applicable to substances mentioned herein. 
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Water 

1. Reflection 

The reflectivity of water as a function of wavelength 
is presented in Pig. 34. The reflectivity varies only slightly. 
A constant value of I" equal to 2 °/Q appears to be a good approximation 
for use in engineering calculations. This corresponds to an index 
of refraction,n a 1.33. 

2. Transmission 

Experimental data on the spectral transmission of water 
are presented in Figs. 35 and 36. The data were gathered by use of 
both a Beckman and Perkin Elmer Spectrometer. The practical trans- 
mission limit for water is 1.8 microns. The total transmission of 
water as a function of black body source temperature is presented 
in Pig. 37. The data, taken from Ref. 7b indicate that 90°/Lof 
the incident radiant energy from a black body source at 10OO°P will 
be absorbed by a layer of water 0.02 Inches thick.  Calculations, 
based upon the spectral transmission data, yields 98 % absorption 
of the incident energy for a 104 inch thick water layer. 

3. Absorption 

The absorption coefficient calculated from the experimental 
transmission data is presented in Pig. 38. Similar data from another 
source are included in Pig. 31. 

Ice 

Ice that appears transparent to visible light is known as 
clear or glaze ice. It is formed when water freezes slowly permit- 
ting the entrapped air to escape.  Ice that is not transparent in 
the visible range and has the appearance of snow is known as rime 
ice.  Ice formations are often found within these extreme limits, 
and unfortunately an exact classification is difficult. 

1. Reflection 

The normal reflectivity of clear ice is presented in Pig. 34 
and is very similar to that of water. The reflectivity of rime 
type ice is somewhere between that of clear ice and snow, depend- 
ing upon the structure. The reflectivity of snow is discussed in a 
following section under the heading of •Frost*. 

2. Transmission 

Tests were made on natural and artificial ice formations. 
The former tests were made atop of Mt. Washington, Hew Hampshire at 
the facilities of the Aeronautical Ice Research Laboratory between 
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January 23 and February 12, 1951. During this period, the 
majority Of the ice formations were of the rime type. Trans- 
mission tests with the portable filter spectrometer (Fig. 7) 
indicated that rime ice, as thin as 1/16*, does not transmit 
any appreciable amount of infra-red radiation. Transmission 
data on glaze type ice are shown in Fig . 39. The filters 
used in connection with the portable spectrometer in these 
tests are shown in Figs. 40-42. There is considerable scatter 
in the data. The samples were collected on several days and 
the degree of ice clearness differed noticeably. The specimens 
also were not of uniform thickness. Similar tests made on 
rime type ice formed in the laboratory, yielded the similar 
results shown in Figs. 43 and 44. Here again the ice samples 
varied somewhat in the degree of clearness. The results 
indicate that ice is transparent only in the infra-red region 
near the visible. This is confirmed by the spectral trans- 
mission tests made in the laboratory. 

The spectral normal transmission of various thicknesses 
of ice were determined on a Perkin Elmer Spectrometer. The 
ice was placed in a container illustrated in the sketch below, 
to prevent the ice from melting too rapidly. Difficulties 
encountered included, local melting due to absorption of some 
of the incident radiation and frost coatings. Frost has a low 
transmission and hence greatly affected the experimental results. 
The amount of dry ice in the compartments was adjusted to per- 
mit a slow rate of melting in order to prevent the accumulation 
of frost. The transmission of clear ice is compared to that 
of water in Fig. 45. The ice and water curves are very similar. 

DRY ICE 
COMPARTMENTS 
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It Is suggested that water transmission data be used to de- 
termine the transmission of clear ice because of the greater 
scatter in the ice data. Fig. 46 shows the transmission of 
a sample of rime ice. The transmission is small. Other samples 
of rime ice, depending upon the structure, will have somewhat 
differing transmission characteristics. The total transmission 
of clear iae for black body radiation (Ref. 7b) is presented in 
FU«  37. 

3.  absorption 

Since the reflection and transmission of clear ice 
and water are so similar, the absorption will be very much the 
same. Indeed the absorption coefficient of ice and water are 
considered identical in the data of Ref. 18, presented in Fig. 32. 

Zros_t 

Frost and smow are formed by inverse sublimation, water 
vapor changing directly from the vapor into the solid state. 
Hence, the more available data on snow should be applicable to 
frost. 

1. Reflection 

The diffuse reflectivity of snow, as taken from Ref. 7b 
and attributed to E.O. Hulbert, is presented in Fig. 47.  The 
values are relative, that for the wavelength region 0.4-0.8 microns, 
being arbitrarily taken as 100%  Ref. 11, lists this same data 
but uses a value of 40 % reflectivity in the range between 0.4-0.8 
microns. This value appears to be too low. The Handbook ot 
Chemistry and Physics lists the diffuse reflectivity of snow for 
•Incandescent" light as 93% .  This absolute value appears more 
reasonable than 40°^ for 0.4-0.8 micron wavelength region. 

2. Transmission 

An attempt was ma*e to gather frost under controlled 
surface and air dewpoint temperatures.  A schematic sketch of the 
apparatus, used to form the frost and check the transmission thru 
it, is shown in Fig. 48. A glass square, upon which the frost 
formed, was placed in a hole in the oven door such that the in- 
side surface was in contact with the controlled dewpoint air with- 
in the oven. Inside surface temperature of the glass square was 
controlled by means of a dry ice container in contact with the 
outer surface of the glass. When frost accumulated on the oven 
side of the glass, the glass square with the frost sample was 
removed from the oven door and placed on the sample holder of the 
portable spectrometer. The room temperature was maintained at 
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30°F in an attempt to prevent the frost from melting. A 
comparison of the transmission of the glass square, with and 
without the frost accumulation was used to measure the effect 
of frost. Frost was obtained under various contract specified 
combinations of of surface and dewpoint temperatures. However, 
a thin uniform frost accretion could not be obtained on the 
glass surface. The frost built up in the manner shown in the 
sketch below, a non-uniform coat with many minute voids. 

~Zr r jTJr-* S £_ Jj wv 
7R05T 

In testing the frost sample on the portable spectrometer, the 
finite width beam impinged on sections of frost or varying thick- 
ness, including zero thickness. Also, in the short time interval 
required for measufement, the frost thickness decreased because 
of the absorption of heat. Because of the two foregoing reasons, 
the data are inconsistent as illustrated in the following table. 
The erratic data indicate that the transmission that does occur 
is mainly In the region near 1.0 micron in accord with the water 
transmission data. 

RATIO OF TRANSMISSION OF FROST 
SAMPLES ON GLASS TO THAT OF GLASS ALONE 

FROST 
THICKNESS 

TRANSMISSION FOR RADIATION EMITTED FROM 
ttOBAR AT 2400°F AND PASSING THRO THE 
LISTED FILTERS 

LDCITE + CORNING 
GLASS 7-69 (APPRO!. 
TRANSMISSION BAND 
.7-1.1 MICRONS) 

CORNING GLASS 
7-57 (APPROX. 
TRANSMISSION BAND 
.75-2.7 MICRONS) 

CORNING GLASS 
7-85 (APPROX. 
TRANSMISSION BAND 
.8-1.1 MICRONS) 

•01 inches 
•05 inches 

50 
80 

20 
10 * 

30% 
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It was noticed during the spectral transmission of clear 
Ice, that the formation of a thin layer of frost of approximately 
1/64 inch thickness on the ice surface eliminated all transmission. 
For this reason it is hollered that frost will absorb all of the 
incident energy between 1.0 and 10.0 microns that is not reflected 
from the front surface. 

Experimental attempts to obtain Fog on a glass surface, with 
the same apparatus used for Frost, were not successful. The water 
droplets condensed on the surface non-uuiformly. During the trans- 
fer of the specimen from the oven door to the sample holder of the 
portable spectrometer, and during the short time interval that the 
radiation from the globar Impinged upon the sample, the fog forma- 
tion deteriorated still further. Because of this condition and 
the consequent poor experimental data, an attempt was made to 
theoretically predict the absorption of radiation by fog based 
upon the available water film data. 

The reflection or normal incident radiation from the surface 
of a hemi-spherical droplet was determined by a form of graphical 
integration (Appendix x). For an index or refraction,fe , equal 
to 1.33, 6 %  of the incident radiation will be reflected, com- 
pared to 2 %  for a flat water film occupying the same projected 
area. |-«—/ f 

Since a very thin film of water will absorb all the radiation 
past 1*8 microns that is not reflected, the water droplet will 
absorb 94 %  of the incident radiation compared to the 98 % 
of the flat water film. 

If the droplet is closely surrounded by other droplets, a 
portion of the reflection will impinge on the neighboring droplets. 
More important than this reflection phenomena may be the droplet 
spacing. If the droplets cover but 70 %  of the surface, then 30 % 
of the normal radiation will not impinge on the droplets at all. 
The amount absorbed may be calculated for a known droplet spacing. 

SECTION III 
PROPERTIES OF RADIATOR AND REFLECTOR MATERIALS 

Radiators 

1. General 

The theoretical "black body" radiates the greatest amount 
of energy possible at any temperature. The dependence of the total 
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emissive power of a black body on its temperature is giv^n by 
the Stefan-Boltzman laws 

(22) 

W» total emissive power* STO/j"^, If 
d.constant, 0.175 x 1CT« BTU/h/i ltx/t* 
f » absolute temperature, °R     ' 

A theoretical grey body, defined as a body that will emit 
a constant proportion of the energy radiated by a black body at 
any wavelength, will radiate by definitioni 

U- £*T< (8S) 

£ semissivity 

Grey bodies do not exist in practice; the emissivity of a body 
varies with wavelength. However, this concept is still used by 
defining £ for any body such that equation (23) will yield the actual 
value of the total emissive power.  This value of £ will change with 
temperature because the proportion of radiant energy at any wave- 
length to the total radiant energy emitted is a function of temper- 
ature. 

The spectral distribution of black body radiation can be evaluated 
from Plank's law: 

UL * % 
i 

\A iFfcWTq 
(24) 

Ct a 1.172 x 10
8 BTD/hr ft2, micron4 

C2 a 25800 microns/°R 
A - microns 
T * absolute temperature, °R 
0L(\ = black body monochromatic emissive power, 

BTU/hr, ft2/micron 

The wavelength at which the intensity is a maximum is an inverse 
function of the absolute temperature. The relationship, known as 
Wien's Displacement Law, is: 

A /"**    —T^~ (24a) 

The spectral distribution of black body radiation between 0-15 microns 
for a temperature range of 1000-4000°R, as determined from equation 
(23), is presented in Fig. 49. 
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A simplified formula for the natural convection 
coefficient from a long cylinder (Reference 27) 1st 

He = coefficient of natural convection, BTU/hr, ft"°F 

A"t a temperature difference *«»tween air and surface, °P 

D • cylinder diameter, ft 

A similar coefficient may be computed for radiation from 
a black body. 

hr * .173 
Ldoo)  MoolJ fe/\c) 

T-Ts 

hr = coefficient of radiation, BTU/hr, ft2 °F 

T  = surface temperature, °R 

Ts * temperature of surroundings, °R 

The ratio of convection to radiation emmision is 
then; L 

convection =  -££- 
radiation      •r 

A plot of this ratio is shown in Fig. 95 assuming the 
air and surroundings to be at 70°F.  The comparative heat 
transfer by convection becomes small at high temperatures 
but is consideraole at low temperatures. In open reflector 
surrounding a radiator will hinder heat transfer by natural 
convection; the amount of interference depending on the 
geometrical configuration. Neglecting this effect, approxi- 
mately 70 °A>  at 1000*F and 90 % at 2000°F of the total energy 
imput to a cylindrical radiator is available for radiation 
heat transfer. When a filter is used in combination with 
the source and reflector, so that the radiator is completely 
enclosed, the convection loss from the source will be neg- 
ligible. 
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t. Ideal Radiator 

Ref. IS makes mention of experimental work on other than 
thermal type radiators. However, thermal type radiators are the 
only practical ones available to date. Ref. 14 reports on experi- 
mental work of thermal radiators emitting line or band type spectra 
in the infra-red. However, the emitted radiation is too small when 
compared to the pwwer input. Hence, the usual thermal radiator, 
depending on.elevated temperature and high emissivity, is the only 
one available at present. 

the desirable spectral characteristics of an ideal infra- 
red thermal radiator are a very high emissivity in the wavelength 
region above 0.75 microns and a very low emissivity, below. For 
use in an airplane cockpit, elimination of visible radiation is 
desirable. The ideal radiator characteristic is approximated to an 
extent by certain materials* Materials that have a high emissivity 
in both the visible and near-Infra-red may be operated at relatively 
low temperatures or at high temperatures in conjunction with the 
proper fliter to more closely approximate the ideal. The former 
restriction can be best understood by glancing at the black body 
spectral distribution grapn„ Fig. 49. Below approximately 1900°F, 
the intensity of energy in the visible range is not sufficiently 
great for the eye to perceive. In addition, at low source temper- 
atures, the absorption of radiant energy that passes thru the receiver 
surface is practically complete for the materials herein considered. 
As examples, the percent normal incident radiation from a black body 
source at a 1000°F which is absorbed by 1/4* thick specimens of glass 
and methyl methacrylate are 86 and 95 % respectively. A thin film 
of water, 0.04 inches thick will absorb approximately 98 %; clear 
iee absorption will be much the same. Fog will be somewhat lower' 
due to incomplete coverage of the surface and slightly increased 
reflection. Rime ice or frost having the appearance of snow will 
absorb only 50% because of the higher reflection. Unfortunately, 
operating below 1000°F limits the total emissive power available. 
The second alternative, use of a suitable filter, permits higher 
emissive power but at the expense of efficiency. 

The Corning Glass filters 7-56, and 7-57, shown in Fig. 40, 
are the type that do not transmit much visible radiation but trans- 
mit tn*JBme*etil However, these filters, being basically glass, de- 
crease sharply in transmission at 2.7 microns and cut-off completely 
around 4.5 microns. Figs. 50-53 show the spectral distribution of 
black body radiation thru these filters. The ratio of the total 
energy transmitted thru the filters compared to the energy radiated 
from the black body source is presented in Fig. 54. The highest 
efficiency, at about 4000°R, is but 67 % . At lower temperatures 
the efficiency is considerably lowey. On the same figure the ratio 
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of (1460/T)^ is plotted. The intersection of this curve with the 
filter curves is the temperature at which the energy transmitted 
thru a filter source is equal to energy radiated from a non-filter 
source at 1000©F. This evidence indicates that the temperature 
range between 1000 and 1500°F should not be used since the trans- 
mitted filtered energy is less than that .t  obtainable with a non- 
filtered source at 1000°F. Reradiation of a portion of the energy 
absorbed by the filter has not been considered. 

For de-Icing purposes it may be desired to use radiation which 
will not be absorbed by the transparent window and so be available 
for absorption by the ice directly. At the high temperature of 
4000°R, 52 % of the normal incident energy from a black body will 
pass through a 1/4 inch thick piece oi glass;  only 37% will pass 
through methyl aethacrylate 1/4 inch thick.  If it is necessary 
to remove visible radiation, by enclosing the source within a filter 
such as Corning Glass 7-57, 43% and 25 % respectively, will reach 
the ice surface. These typical values were calculated from the data 
contained in this report. Of course, a portion of energy absorbed 
by the transparent panel will reach the ice surface by conduction. 

It may be necessary to enclose the reflating source, even at 
operating temperatures below 1000°F, to prevent pilot burns or fire 
caused by inflammable objects accidently coming in contact with the 
radiator. A highly transmitting glass, such as reported in Ref. 2 
may be desirable for such use. Fig. 55 shows the spectral trans- 
mission of two of the glasses reported on in this reference. The 
per cent total transmission of these glasses for black body radiation 
at various temperatures is presented in Fig. 56. At temperatures 
below approximately 1460°R, even these highly transmitting glasses, 
decrease the available radiant energy by 50% . One possible 
advantage of enclosing the source will be the decreased convection 
losses. 

3.  Emissivity 

The total normal emissivity of several materials w*» • 
experimentally determined by a comparison method. The specimens 
were heated by inserting them in an opening in an oven mall. The 
radiation emitted in a normal direction was measured with a directional 
Eppley Thermopile Detector sensitive to approximately 9 microns. 
A schematic of the set-up is shown in Fig. 57. The emissivity at 
any temperature was obtained by comparing the emitted energy to that 
erf a black body at that temperature. The black body values were 
obtained by measuring the radiant energy from a sample of asbestos 
and correcting for the variation from a black body. The asbestos 
emissivity was considered to vary linearly with temperature having 
a value of 0.92 at 100°F and 0.945 at 700°F, The results are pre- 
sented In Figs. 58-60. The accuracy is estimated to be ±5 %. The 
total emissivity of Oxidized Cast Iroa, Oxidized Cold Roll Steel 
and Porcelain Tile is high. 
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The spectral reflectivity of these and other materials were 
measured at the New York Naval Shipyard on the apparatus described 
In Ref. 7.  The spectral emlsslvlty determined from these measure- 
ments are presented In Fig. 61.  The Porcelain Tile data unaccount- 
ably differs from that of the total emlsslvlty test.  The Globar 
(silicon carbide) Is another material of high emlsslvlty. 

The emlsslvlty of a Nernst Glower, a source sometimes used In 
Infra-red work, Is presented In Pig. 62.  Glass, another possible 
source, appears to be a material of high emissivity.  Black Carrara, 
a glass manufactured by Pittsburgh Plate Glass Company and which 
transmits infra-red radiation only, was heated to 1100° P to check 
whether It emits visible radiation; it does. 

Ref. 31 reports that gold-black films have been prepared that 
have a specular reflectance (at kS  degree incidence) of less than 
0.01 per cent in the region between 2 to 15 microns. 

Reflectors 

The total emlsslvlty, (1- reflectivity), for various good re- 
flector materials are shown in Pigs. 63-69. The data were gathered 
experimentally by the same method as that for the good radiator ma- 
terials. The spectral reflectivity for several of these materials 
as determined at the New York Naval Shipyard, is shown in Pig. 70. 
Additional spectral reflectivity data from the literature are con- 
tained in Pig. 71 

SECTION IV 
THEORETICAL REPLECT0R DESIGN CONSIDERATIONS 

An ideal reflector is one which will reflect all of the energy 
impinging on it Onto the receiving surface such that a uniform re- 
ceiver absorption rate is obtained.  This ideal reflector is easier 
to approach for certain receiver configurations than others.  Of 
necessity, the source-reflector combination cannot be centrally lo- 
cated in an airplane cockpit.  Usually the only space available is 
close to the bottom or top of the receiver.  This makes the uniform 
distribution of the radiant energy much more difficult. 

The parabola and the ellipse were the curved reflector surfaces 
mainly studied.  The former reflects light in a parallel beam from a 
point source located at the focus; the latter collects the light and 
concentrates the energy onto a second focus.  The parabolic shaped 
reflector with some variations appears to be the most promising. 
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Methods are presented In this section for determining the 
distribution of radiant energy upon a receiving surface from a: 

A. Point source within a 
1* Paraboloid reflector 
2. Parabolic reflector (2 dimensional) 
3. Elliptic reflector (2 dimensional) 

B. finite size source within 
1. Infinitely long reflectors 
2. Reflectors of finite length 

In addition, corrections for reflection from the receiver and blockage 
of reflected radiation by the source are also included. The reflector 
material is considered to have 100 % reflectivity, but correction for 
other values may be made. The semi-graphical method presented for 
finite diameter size sources may be used for curved reflector surfaces 
other than parabolic. 

Point Source Reflectors 

The cases considered in the following are for point sources with- 
in a reflector. This is approximated in practice when the ratio of 
the source size to the reflector is very small. 

1. Paraboloid 

Consider a paraboloid reflector with a spherical point 
source at the focus. The solid angle, du> >  subtended by the element, 
271X£X>  on "the surface, isx 

j^  , ,ba?&vX4c-) (85) 

Symbols are identified in accompanying sketch. The solid angle 
subtended is directly proportional to the radiant energy received by 
the element of area. Since a paraboloid will reflect the radiant 
energy emitted at the focus parallel to the Y axis, the intensity of 
the reflected energy intercepted at a point on a horizontal plane 
above the paraboloid can be determined as function of the radial 
distance, X • In the following expression, &&/Jh  represents the 
intensity of reflected energy at a poUtob on a horizontal surface above 
a paraboloid. 

du>_       m   4i    =     JJ^— ^ (26) 
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The derivation of this expression is presented in Appendix I.    The 
intensity distribution,   as given by equation 26,   is presented in 
graphical form as a function ofX,  in Fig.  72.    The variation is 
large,  since ^fovaries inversely as the fourth power of X .    The 
total  energy emitted from the point sphere is4lf steradians. 

2.    Parabola 

Consider a two dimensional parabolic reflector with a point 
source at the focus. Any point on the parabola can be located by 
the following relationship between 0 and X : 

e-ut'   ('-<*¥) m 
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Y=<LX' 

The rays in the angle, uQ;  given off by the source at the focus 
are intercepted by a segment of the parabola surface and are all 
reflected parallel to they axis. This segment is subtended by a 
distance,iX, along the #axis, within which all the reflected rays 
remain. Since i$is directly proportional to the radiant energy 
emitted, 4&/d£ is a measure of the reflected intensity in the 
differential length,J)C.    Differentiating the previous equation: 

lote the similarity between this expression and that for the 
paraboloid. The reflected energy intensity variation for several 
parabolas, as determined from equation (28), is shown in Fig. 73. 
The variation in intensity increases sharply with increase of the 
parabola constant, 4* The total energy emitted from a point source 
in one plane is 2*radians. If the efficiency is defined as the 
ratio of the controlled energy (that intercepted by the reflector) 
to the total energy radiated from a point, then: 

,oo jl d9    __   iac3 $ (29) 
Efficiency = 

too SL 
Pig. 74 shows that the uniformity of the reflected energy decreases 
whereas the efficiency increases, for a given width parabolic re- 
flector, as the parabola constant, a , becomes larger. 

To determine the total energy intensity distribution incident 
on a line above a two dimensional parabolic reflector, as shown in 
the following sketch, equation (30| was derived (Appendix II). 

AFTR 5874 20 



The total energy includes both the reflected and the direct 
radiation components. The first term of the equation represents 
the reflected energy, the second is the direct radiation, 

d&r     m 4CLC+ofi     g* 
(30) 

-^—T«total incident radiant energy intensity at a pointy 
•J y , on the receiver, radians/inch 

and the remainder of the symbols can be identified on the 
sketch. 

A typical total energy distribution on a 12 inch line above 
a point source-parabolic reflector is shown in Fig. 75 as determined 
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(31) 

from equation (20). 

2. Ellipse 

The distribution of the reflected energy intensity at 
the second focus of a two dimensional elliptic reflector, for a 
point source located at the other focus,  is given by: 

~ = radiant energy intensity at angle «K, radians/radian 
and the other symbols can be Identified in accompany- 
ing sketch. 

The derivation of this relationship is presetted in 
Appendix III. Equation (31) has been used to determine the 
Intensity distribution as a function of the angle <x ; the results 
are presented in Figs. 76-78. It can be seen that the greatest 
concentration of energy is in the region ofcx=o.  This means that 
a small portion of an elliptical reflector may be used to control 
a good portion of the energy of the reflector. Unfortunately, 
it also indicates that a good portion of the energy from a finite 
size source will be reflected back onto the source. 
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Finite Diameter Infinite Length Source-Reflector Combinations 

The cases considered in the following are for a finite 
diameter source but of infinite length, enclosed within an 
infinitely long reflector. 

1. Parabola 

A semi-graphical method has been developed to determine 
the actual distribution of incident energy upon a receiver above 
a parabolic reflector containing a finite size source of infinite 
length. The method depends upon graphically determining, from 
any point on the receiver, the total projected angle thru which 
the source can be 'seen' directly or by reflection, figs. 79-84 
are design charts which greatly simplify the mechanics of this 
process. These charts can be used to determine the energy distri- 
bution on a plane or curved surface above any combination of 
reflector and source diameter. Their construction and use are 
explained in detail in Appendix IV. Special cases of multiple 
reflection from reflector and from receiver are also considered* 

Using this semi-graphical method, the energy distribution 
impinging upon a 12 inch long receiving surface, from a 1/2 inch 
diameter source enclosed with an infinitely long parabolic re- 
flector, has been determined and is presented in Fig. 85. The 
configuration selected for this illustrative case is typical of 
an anti-fogging installation in an airplane cockpit. The size of 
the reflector is necessarily small and it has to be located close 
to the base of the receiver. As can be seen, a ten to one variation 
in intensity exists between the top and the bottom of the plate 
for this case. 

2. Ellipse and Other Curved Surfaces 

The same method used for the parabolic reflector jan 
be used in determining the distribution of energy upon a receiver 
above an elliptical reflector containing a finite size source of 
infinite length. The design charts can be constructed similarly 
to the method shown in Appendis IV. However, the equation for 
the askew lines in this case, 1st 

p< = ^Un^    ,        C3fN (32) 
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REFLECTOR 

SOURCE 

This method may be used for all curved surfaces. The 
askew lines of the design chart may be calculated from the equation 
of the curve or «ay be graphically determined by setting tne angle 
of incidence equal to the angle of reflection at any point on the 
reflector (Appendix IV). The charts may be prepared by the latter 
method for sources other than cylindrically shaped ones. 

Finite Diameter Finite Length Source-Reflector Combinations 

A correction factor has been developed for use, with the 
method explained in the previous paragraphs and Appendix IV, in 
determining the radiant intensity distribution from a finite length 
source. To compute the energy distribution incident upon a re- 
ceiver from a finite length and diameter source, determine the 
distribution by the semi-graphical method for the infinitely long 
source and multiply by the correction factor, as given in equation 
(33). The factor will vary for different points on the receiv- 
ing surface. The development of this factor, its use and limit- 
ations, are presented in Appendix V. 

F= ^ [(i 4^2^*30 + ($4*~2pu •Ay (33) 

The angles are defined in the sketch below. It is assumed that 
the source-reflector combination is relatively narrow. 
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NORMAL 
TO dA, 

To facilitate tabulation of the factor,F, it has been 
broken down into two components, f^ and FL . The latter accounts 
for the correction due to the finite length of the source to 
the left of the point on the receiver and the former accounts 
for the right hand side. 

F= Fe •»- Fu (34) 

The factorsfj^ andfLmay be individually determined from Fig. 86 
and then added to determine F instead of solving equation (33). 
Mote that in this figure, ([^^ is plotted v» (90-^,) or<p 

End Reflectors 

In some applications it may be possible to use end reflectors 
to increase and more evenly distribute the energy impinging on 
the receiver. 
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If the angle thru which a point on the surface can see the 
source is increased from f  to f+40,  the correction factor for 
finite length, f ,  will be increased as given by Fig. 86. 

Receiver Reflection Correction 

111 of the energy impinging on a receiver such as glass or 
plexiglas will not penetrate the material because of reflection 
from the surface. The effect of reflection is difficult to 
analyze exactly. Two configuration simplifications were made in 
order to estimate the effect of the reflection phenomena. The 
two configuration simplifications are shown below; each one was 
analyzed separately. 

«J 

w 
Cb) 
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In case (a), the reflector-source combination Is considered 
to be a line of finite length In the source axis direction.  In 
case (b), the reflector-source combination is considered to have 
finite width, but together with the receiver have but differen- 
tial length in the direction of the source axis. 

It was assumed that reflection from plas and plexlglas does 
not vary greatly with wavelenpth In the region between 0.75 and 
10.0 microns.  Furthermore, the complex Presnel equation for re- 
flection as a function of angle of incidence was closely approx- 
imated for these materials ( n a I.I4.8) by the somewhat simpler 
equation: 

r = .04 + .96 ( ~ ) V \> (35) 

r s fraction reflected 
0  - angle of incidence 

A comparison of the above equation and that of Presnel, for angles 
of incidence from 0 to 90° is shown in Pig. 87. 

The analysis for case (a) is presented in Appendix VI, and 
that for case (b) in Appendix VII.  The results are presented in 
graphical form in Pigs. 88 and 89 respectively. 

Por case (a) the following procedure is to be used in con- 
junction with Pig. 88.  Read the F1 values corresponding to 9i_ or R 
from Pig. 88 and add the two.  The result is the proportion of 
energy intensity impinging on the surface, as determined by the 
semi-graphical method of Appendix IV, which passes thru the sur- 
face of the receiver at that point.  The correction for finite 
length is included in Pig. 88. 

To use Pig. 89, determine the included angle of irradiation 
at any point on the receiver by use of the charts explained in 
Appendix IV.  Read the values corresponding to the angles 6,  , and 
#2 and subtract the smaller from the larger.  The value thus 

INCLUDED ANGLE 

SOURCE 

RECEIVER 

REFLECTOR 
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determined is the intensity of energy that passes thru the 
surface at that point, when an infinitely long radiator-reflector 
combination is assumed to radiate only in the plane of the 
point on the receiver. The energy intensity is expressed in 
terms ofU, which is defined by equation (23). The correction 
factor for finite lengtn (Appendix *V) is then applied. 

In most applications, simplification (a) will yield results 
closer to the actual.  This method may be made more exact by 
dividing the reflector width into two or more strips and de- 
termining separate correction factors for each. 

Blockage 

Blockage is herein defined as the fraction of the total 
radiation from a radiator within a reflector which is reflected 
back onto the radiator. The reflector is considered made out 
of material of 100 °y£ reflectivity. An expression for blockage 
for a source within a parabolic reflector is derived in Appendix 
VIII. Blockage is a complex function of the ratio of source 
diameter to focus length of the parabolic reflector. The exact 
expression is!     
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Using this equation, the blockage has been determined for 
the complete range of b/f, 0.0 to 1.0. The results are 
presented in Fig. 91. After plotting the results, it was 
noticed that the curve can be represented by a straight line 
with but slight error. Hence, the blockage may be expressed 
by the following simple relationshipt 

Blockage * 0.307 (£) (37) 

For a perfect reflector and black body radiator, the 
blocked out energy is returned in entirety to the radiator. 
There is no energy loss due to blockage. As an example, con- 
sider ,two identical radiators surrounded by different re- 
flectors. Let the blockage of one combination be 5 % and 
that of the other 20 %f  i.e., 5 and 20 %  respectively of 
the energies emitted by tne source are returned to the source. 
Only 95 and 80 % respectively of the total source radiation 
will be available to receivers above the reflectors. It Is for 
this reason that high blockage is undesirable. If the sources 
are maintained at the same temperature, less power input will 
be required by the source with the higher blockage, since it 
emits less net radiation. 

SECTIOH V 
EXPfiRlMEHTAL REFLECTOR TEST! 

A set of tests were made to check some of the theoretical 
reflector relationships of the previous section. 

Apparatus 

A 12 inch Plexiglas square, 1/4* thick, was spotted with 
surface thermocouples as shown in Fig. 92. The surface thermo- 
couples were applied in the following manner. Two very small 
holes, large enough to permit #30 gage wire through, were drilled 
from the back to front surface, 3/8" apart. A thin scratch was 
then made on the front surrace between the two holes. Bare iron 
thermocouple wire was pusnea thru one hole and constantan thru 
the other. A fine, uutt-type, solder connection was then made 
between the two holes on the front side and the connected wire 
was fitted into the scratch on the Plexiglas surface, pulled 
taut and cemented in place with solvent. The wire insulation 
and tape shown in Fig. 92 are all behind the back surface. The 
thermocouples were attached to a Brown Recorder. The Plexiglas 
square was mounted in a frame and could be oriented properly in 
regard to the source-reflector combination as shown in Fig. 93. 

G.E. Calrod, 0.6 inch diameter cylindrical heaters were 
the sources used. A thermocouple was welded to the source sur- 
face. The power input to the source was controlled by a varlac 
and measured by means of a voltmeter and ammeter. The parabolic 
reflectors were made of Alclad. The reflector cross-section 
varied somewhat along the length because costly dies were not 
used in their manufacture. The nominal cross-section is shown 
below. 
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.6" P/A SOU#C£ FOCUS 

Procedure 

Tests were made at relatively low source temperatures, 
605-735°F, to prevent excessive temperatures on the Plexiglas 
receiver. At this source temperature, all of the impinging 
energy, which is not reflected from the receiver front surface 
is absorbed in a relatively thin layer near the Plexiglas front 
surface (Fig. 33). 

The majority of the tests were made with one source-re- 
flector combination and several with two.  In all but one of the 
former tests the source-reflector combination was located above 
instead of below the receiver in an attempt to eliminate the 
affect of convection heat transfer. In the latter tests, a 
combination was located symmetrically at both the top and bottom. 

The reflector was located such that the edge of tne smaller 
side was in contact with the receiver edge. 

BEFLECTOR 

AAfGLE   OF    /MC/DEA/CE 

F/30ATT 3UCFA CE 
REC&VEB 

SOURCE 

12 THERMOCOUPLE    LEADS 
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A row of 12 thermocouples, centrally located on the 
front surface of the receiver, at 1 inch intervals starting 
1/2 inch from the base of the receiver, was used to determine 
the vertical variation in radiation distribution. For the 
purpose of determining the maximum variation, the absorption 
at each station was considered to be directly proportional to 
the temperature difference between the surface at that station 
and the surrounding air. The value of the average radiation 
absorption Intensity along this row of thermocouples was 
determined in the following manner. All the radiation was con- 
sidered to be absorbed at the front surface of the Plexiglas. 
The heat energy flows along two paths; from the front surface 

T- FRONT SURFACE 

T-fllR 

PLEXI6ti-AS 

T-DRCK  SURFRCK 

by natural convection and radiation to the surroundings and 
from the front surface thru the plexiglas by conduction and then 
to the surroundings by natural convection and radiation. Any 
heat transfer thru the plexiglas other than normal to the sur- 
faces was neglected. This set of calculations is illustrated 
in Appendix IX for a typical run. Also shown in this appendix, 
are the mechanics for utilizing the theoretical relationships 
of the previous section to predict the radiant energy absorption 
distribution. 

Results 

A table of the test results and predicted values are shown 
In Fig. 94. In the first three runs, the angle of inclination 
of the source-reflector combination to the receiver was varied. 
In the fourth run, the effective length of the source was de- 
creased by locating end reflectors as shown. This opened possible 
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sources of error but the end reflectors were used because 
Calrod heaters of this type are not obtainable in 12 inch 
lengths. In run 5 the source temperature was elevated to the 
manlmum value without exceeding 20C°F local Pleziglas sur- 
face temperature.  The reflector-source combination was located 
at the bottom of the receiver in run 6 for purposes of estimat- 
ing the additional effect of convection heat transfer from the 
source. The data were used in predicting the results for the 
two combination case of run 7. 

A comparison of predicted and experimental results ror 
maximum temperature variation and average radiation absorption 
rate shows good agreement, considering the test apparatus and 
possible sources of error. 

SECTION VI 
MAGNITUDE OF RADIATION INTERCEPTION 

Estimates of radiation interception by an infra-red receiver 
are presented herein. A comparison is also made, between the 
method of this report and that in the 1iterature, to compute 
incident radiation intensity. 

Comparison of Method Herein to Compute Incident Radiation 
Intensity with that in Literature 

As a check of the semi-graphical method to compute incident 
radiation Intensity, presented herein, two special cases treated 
in Ref. 26, were analyzed. The results by both methods, are 
identical. The method of Ref. 26 is limited to the cases wherein 
the receiving and radiating surfaces are parallel or perpendicular. 
The method presented herein may be used for these two limits and 
for all angles in between. 

Consider the configuration shown in the following sketch. 

eecE/v/NG 

JOtWff 

REFLECTOR. 
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The effect of the reflector is to permit the receiver to "see" 
the source through a larger angle, 0. 

ft 

Hf \ 

W4 
It effectively makes the source width equal to the distance, 
^ . Hence, sketch (a) may be replaced by the following sketch. 

&*       <L*3\    b*1%     <-*&*,      <*•*" 

From equations 2 and 3, Appendix IV,Tor an infinitely long 
radiator,  the radiation intaaslty oni4 ,   is: 

2 JO M, 

s k£ 
2   (/S^S? 

= .?23U 
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To correct for finite source length, find ^? and <fL  . 

<&. QJ fa*r*ur - a^'^oc =^J 

6, 

From Fig.  86,   for the above values of^: 

^ = .270 
f^ a .403 

Corrected for finite length the intensity onjf^  is: 

If^,   is perpendicular to the radiator instead of parallel, 
then: 

& ^ k! jj.o- 8^fJ  =.o52u; 

He. and /^ are the same as in the previous case, and so corrected 
for finite length: 

5- =r .6,-73 * .OSZU) - .OZS BTU/hA^ff-^ 

The value obtained from the charts of Ref. 26 for both cases 
are the same as calculated above. 
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Estimate of Absorption Rate Magnitudes 

Consider the two extreme configurations shown below. 
Each receiver has a mean point,P, 6 inches from an edge of 
the reflector and 3 inches from one end. Consider the re- 
flectors designed such that the point, P , can 'see' the source 
through an angle that includes the entire reflector width, 
an optimum condition. The conditions are the same as that 
of the two examples in the previous paragraph. It is desired 
to include; the effect of reflection and hence, the correction 
factors, p*,  from Fig. 88 shall be used instead of P" . 

12     P r 
b 
i 

VX7 

JaU- 

h-»-»irfe~i 
~Tr- 

ie J\Vft 

r— 12  *- 

SO*. 

/ 1\ 

(cO 

ft 6 <P« MOT 
SHOWN IN rrue 
PROTECTION 

r r 
/ 
^ 

z. 

|\ 

1^ 
1 

fb) 

For case (a), ©< = cotan" <^~    =  76, and for case (b), 
*< •= tan" •*{* = 14°. As in the previous example, (pft =s 64.1 
and£#.= 45.8! The values of F'obtained from Fig. 88 for these 
conditions are listed below. 

case 
case n fe*.19 

F»e.255 
F = .305 
f*  .= .385 
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Corrected for finite length and reflection, the intensity of 
radiation passing thru the surface at point P, is: 

case (a)  & * &*W L  -.-W.K3W..IIW 

case (b>  S! = ftl+lO %   ~.LA*.22*U~.W>U 

Consider possible values ofW . Assume an effective source 
emissivity of 0.9, a feasible value, The effective emissivity 
includes the slight absorption effect of the reflector. 

W= .173- J\ (Jso\ 

T U 
1460"R 7529 BTU/hr, ft** 
4000°R 424,192 BTU/hr, ft2 

The maximum intensity for a source temperature of 100Q°F is 
therefore! 

SL  - 
dA, = .143 x 7529 = 1060 BTU/hr ft

2 

The more practical configuration would yieldt 

2 
fi 
^ = .11 x 7529 = 830 BTU/hr, ft 

By use of end reflectors these values might be increased 10- 
20 %.    Plexiglas, 1/4 inch thick, will absorb 99^6 of the 
1000 °F radiation passing thru the surface.  Hence these in- 
tensities also represent the intensity of the absorbed energy 
for a plexiglas receiver. Therefore, for a configuration not 
better than that of the illu|tration, a 1000 BTU/hr, ft2 maximum 
absorption rate can be obtained at the mean point with a source 
at lOOO^F by radiation transfer only. (Loss due to convection 
may be estimated from Fig. 95.) Using two source-reflector 
combinations, one located near the bottom of the receiver and 
the other near the top, approximately twice the radiation An 
tensity can be obtained. This type of configuration also permits 
more uniformity pf energy distribution* 

Consider the source to be at 4Q0G°R and to be enclosed with- 
in Corning Glass 7-55 filter. The total transmission at 4000°R 
(Fig. 54)is 66^6.  The maximum intensity of radiant energy 
entering the receiver, isi 

2-    = .143 x .66 x 424,192 • 40,100 BTU/hr, ft2 

It was mentioned in a previous section that 37 % pf the radiant 
energy from a black body source enclosed within Filter 7-57 will 
pass thru Plexiglas. Hence 63 % less approximately 4 °/b  for 
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reflection, or 59%, will be absorbed. Therefore, the 
absorbed energy, ist 

Absorbed energy = 40,100 x .59 = 28,600 BTU/hr, ft2 

This amount is many times greater than will be required for de- 
frosting or de-icing purposes. Heat transfer by radiation and 
convection to the receiver from the filter has not been con- 
sidered. 

Theoretical attempts were made with the configuration (a) 
to obtain a uniform distribution of radiant energy along the 
vertical centerline of the receiver. Various parabolas and 
angles of inclination were tried. Uniformity of distribution 
could be increased but at the expense of lowering the average 
intensity. For an intensity variation of 9/1, an average 
intensity radiation entering the receiver of .04W(BTU/hr, ft2) 
was obtained. Before being corrected for finite length and re- 
flection, the variation and average intensities were 4/l and 
.055drespectively. In this latter correction, the angle c< 
(Fig. 88; was considered a constant and equal to the inclination 
of the receiver from the parabola centerline. Experimental 
results indicate that due to conduction the actual surface temp- 
erature variation will be 2/3 this value. The sizable advantage 
of using two source-reflector combinations, one located at the 
bottom and the other at the top of the receiver is shown by the 
following theoretical results.  Corrected for finite length 
and reflection, the maximum variation for this case is 1.7/1 
and the average intensity is .08lc>. 

A 12* radius semi-circular canopy with a reflector-source 
combination located symmetrically at each end was studied. With- 
out correcting for finite length, the intensity variation, in 
the design calculations, couM be reduced considerably below 
2/1. In this particular case each reflector source combination 
had an orientation such that one combination could contribute 
either direct or reflected radiation to the entire canopy.  This 
presents the problem of radiation interception by the pilot. 

In general, it has been more difficult to uniformly irradiate 
a flat plate receiver than a gently curved receiver. 
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Parabolic Reflector Variations 

Various modifications of tne parabolic type leflector were 
tried theoretically in an attempt to obtain more uniform dis- 
tributions and higher average intensities. The source was 
moved above, below and to the side of the parabola focus. Sources 
other than cylindrically shaped were tried. All these attempts 
were unsuccessful. Blackening portions of the reflector and de- 
creasing the emissivity of portions of the source helped decrease 
the intensity variation but at the expense of the average Intensity. 
Combinations of parabolic and elliptical reflectors were tried 
as well as combinations of diflferent parabolas. The latter 
combination showed some promise.  Two narrow reflectors were sub- 
stituted instead of one wide one with poor results. A rotating 
source-reflector combination which could be directed at the 
portion of the receiver furthest away for longer time intervals 
than nearby portions would help but would greatly complicate 
mechanical design. 
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APPENDIX I 

REFLECTED ENERGY DISTRIBUTION PROM PARABOLOID 

Consider the paraboloid cross section shown below, 

»- x 

The amount of energy reflected in the annular element, dx , 
is proportional to the solid angle, dw , intercepted by the annular 
arc d*.  The projection of the solid angle, dw , is represented by 
do* • 

d w = —o 
(l) 

dA Is  the  projection of ds   onto a  sphere. 
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d A = 2 TT 7C    ct$      C OS    )Pr 

ok =  /^ VPpoPeirrY    OP    PARABOLOID) 

w 

^   4 ^.=  E 
2 

COS ^ r   £)W £ 

P  4-  W r   H 

£ r   - *«, ̂
 

TAN ~    \-zt**-J 

-z^c 

cos V = r l + 4«-J *T* 

^ • ** f^W ctTC   i , + 4a?K
x 

C3) 

(4) 

SUBSTITUTING      INTO       fl) 

.**-* *„;    *     2TTX   ^/T+4^*;  

(6; 
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Equation (6) represents the solid angle intercepted by an 
annular element,^*, of the paraboloid.  To determine the intensity 
of reflected energy,<tj/*cAat a point on a horizontal surface above 
the paraboloid, divide by2TT*«if!tt 

our     {\++a.%x%)x 
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APPENDIX II 

TOTAL RADIATION INTENSITY DISTRIBUTION ON LINE 
ABOVE A PARABOLIC REFLECTOR CONTAINING A POINT SOURCE 

A point on a line above a reflector may receive both reflec- 
ted and direct energy.  The distribution of reflected energy from 
a parabolic reflector containing a point source was derived pre- 
viously, and is: 

d0. 4a 
dx   l + 4a2x2 

(l) 

Since the energy is impinging on the receiving surface at an angle 
other than normal, the intensity on the receiving surface is: 

d0.  4a cos p 

(2) 
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The angle, Q , made by a line from the focus of the 
parabola and intersecting the receiver plane, is 

9. +*?(%) (3) 

Hence,  i  , which represents the direct radiation intensity 
component, is: 

d9o    __   C.' 

The total radiation intensity impinging on the receiver at 
any point is then: 

dy 1+40?!,-       C^tf*        (5) 

wow, x, may be expressed as: 

* -*[V(4«*Ol ^^     (6; 

and hence may be eliminated from Eq. (5), yielding the final 
form: 
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APPENDIX III 

DISTRIBUTION OF THE REFLECTED ENERGY INTENSITY 
AT ONE OF THE FOCI  OF A TV/O DIMENSIONAL ELLIPTICAL 

REFLECTOR FOR A POINT SOURCE LOCATED AT THE OTHER FOCUS 

F= POIUT soue^E 

C-1L 

jC^¥%^0< c+t 

CO 

(z) 

(3) 

00 

(5) 

AFTR 5874 46 



2L + J2 = i 

/=-*-* 
*X&~N< ^A^C^Z^,IK -^(fc^C^V-tf'XfcWe^fl 

4*> oJ'X^t^'oL 
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to 

b*C + Z<vc x+~tf* + a.bvxzAccv 

DlfFE*EKnATlN6   UiTH    RESPECT   TO «* 

(bt + Z^C^W* 7 ^v^c^)v 
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Using the top signs of the plus or minus, minus or plus 
signs, gives the values of d ©• /d«x for angles of <*• from 0° 
to 90". The lower signs give the values of d ^-/d«. for angles 
of «< from 90° to 180° even though angles of «* from 0 to 90° 
are used. This is because of the sign condition where tangent 
and secant are both positive in the 1st quadrant and negative 
in the second quadrant. If we respect these signs, then the 
top signs of the equation will hold throughout. 

For example:  If we respect the top signs and ex   varies 
from 0° to 90°, then the signs are: 

i*) + (fl]|>']fr'>-C*Jl  (7a) 

If we respect the top signs and << varies from 90° to 
180°, then the signs are: 

d© &) «• fry co]fo *(-•) f co] -LM * c-H H E>- c*i& , , 

If we respect the lower signs and <*. varies from 0° to 
90°, then the signs are: 

do. L<*) * c-0 +o\} Ceo - co - CO] - jfo-frjjfrj ftg%7e) 

Equations (7b) and (7c) give the same numerical answer 
and sign. 

It was noticed, after plotting the distribution deter- 
mined from expression (6) on polar coordinate paper, that the 
distributions formed ellipse of minor axis 2b - 2 (see Fig. 78) 
This permitted finding a simpler expression for the distri- 
bution as shown in the following. 

For the case where &c   = 0, then tan ©< r 0, sec o*. » 1 

Assuming these two values to be the extremities of 
another ellipse of major axis a, and minor axis b, and allow- 
ing b. s I* we can find a, , b, , and c, in terms of a, b, and 
c in the following way: 
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<wC£t c-<w ^ -^r  / .Wwx*.   fa r <L -C 

and 

c.-JS^f =K-^^)-7  =| Ai+2.a7c^±C4-fc4 

but 

so that 

c, „,/«5^.v 
-/ 

--  + 2^c 

These values of a,, b4, and c, are used in the ellipse 
in the following. 

Suppose P   the radius 
vector from one of the 
foci represented the 
value dQ 
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X,        Hi      . 
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(°^ _ b.*Ci Qy^K ± a»b* 
t,1, -tC/^rt^ 

If we substitute the values of a, b, and c, for a', b' 
and c1 as found previously, we arrive at a new expression 
for f> . 

so 

Using the top signs and remembering that c is a negative 
number: 

The reflected energy distribution for an ellipse is 
graphically shown in Figs. 76 and 77. 
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APPENDIX IV 

TOTAL RADIATION INTENSITY DISTRIBUTION 
IMPINGING UPON A RECEIVING SURFACE ABOVE 

AN INFINITELY LONG PARABOLIC REFLECTOR CONTAINING 
A FINITE DIAMETER SOURCE 

A semi-graphical method may be used to determine the 
radiation intensity distribution impinging on a receiving 
surface above an infinitely long parabolic reflector contain- 
ing a finite diameter source. It is assumed the receiving 
surface contains elements parallel to tne source such that a 
profile or end view of the receiving surface may be represented 
as a line. 

RECEIVE* 

SOURCE 

PARABOUC   REFLECTOR 

The method essentially consists of determining graphi- 
cally, in the profile view, the total angle over which a 
number of points on the receiver can see the source directly 
or by reflection. To reduce the amount of work involved in 
this process, six design charts, Figs. 79 - 3-4, hav© been 
constructed. The askew lines on the charts represent rays 
from either top or bottom extremities of the source reflected 
by any point on the surface of the reflector. The dashed 
lines represent rays from the top of the source, the solid 
lines are rays from the bottom of the source. The angle,«* , 
made by these lines can be computed from: 
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The design charts permit a simple determination of the two 
dimensional total angle through which the source can be 'seen* 
directly or by reflection. 

To use the chart, place a line representing the receiver 
above the parabola at the desired location and orientation. 
(in the photographic reproduction of these charts, the scale 
has been reduced. To compensate, draw line representing 
receiver to the same scale. The scale can be determined by 
taking the ratio of the measured source diameter to the original 
source diameter printed on the chart.) Divide the receiver 
into any number of equal segments depending on the accuracy 
desired. Any point on the plate will receive both direct and 
reflected radiant energy. 

To find the included angle, within which reflected radia- 
tion is incident on a point of the receiver^ use the askew 
lines on the chart. If the point falls at the intersection 
of two of these lines, the angle between these lines is the 
angle within which the point receives reflected energy. If 
the point does not fall at an intersection, which will be tne 
usual case, interpolate between tne two sets of enclosing 
lines and thus determine the included angle. 

To find the included angle in which direct radiation is 
incident on a point of the receiver, draw two lines tangent 
to each side of the radiating source and passing through the 
point on the receiver. Often this angle will fall within the 
angle determined for reflected radiation. This indicates 
that the source blocks out this amount of reflected energy 
and that the receiver obtains this radiation directly from the 
source. Hence this angle should be included but once. 

NORMAL TO   PLANE 

RdCEiVlN6c PLANE 

AFTR 5874 56 



The radiation intensity impinging on the receiver element 
from an infinitely long radiator, Q/      , is simply: 

* ft ^A« 

A * ~ >*®L (2) 

^   ~ (3) 

- intensity of normal incident radiation, 
BTU/hr, ft.2 

W s total emissive power, BTU/hr, ft.2 

£ =   emissivity of radiator 

tf = constant,  0.173 x 10~8 BTU/hr,  ft2/°R-4 

T = temperature of source, °R 

B,*~4G^=  limits of included angle measured from normal 
to receiver surface 

Therefore, after obtaining ©, and ©* graphically, multiply 
the difference of their sines by the constant, TTX  , to obtain 
the incident radiation intensity at the point on zhe  receiver. 
If this procedure is followed for several points along the 
receiver, the distribution of the total incident energy can 
be determined. To substantiate Eq. (2),   the following proof 
is offered. 

Assume an area, dA,, on the receiver parallel to an 
infinitely long radiator of which dA^, is an element. 

Starting with the general radiation equation: 
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i^ 
_, -x r      *  + _i  £*; £ 

5. = ifiMr r^-^i. 

©i 
2     J§ 

The above is identical to Eq. (2;. 
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The design charts have been prepared for identical 
parabolas but with different source diameters. However, these 
charts can be used for other parabolic reflectors by the method 
explained in the following. 

For any combination of reflector and source, obtain the 
value of the source radius multiplied by the characteristic 
constant of the parabola, a, (y = ax*). Select a design chart 
which has the same value of radius multiplied by the character- 
istic constant. This design chart will now represent the 
particular combination of reflector and source, but to a 
different scale. All dimensions are to a scale determined by 
the ratio of desired source radius to chart source radius. 
Hence, when positioning the receiver above the chart, draw it 
to the proper length considering the new scale. An example, 
to further clarify this process is presented in the following. 

Given: 
Source Radius - 1/8 
Parabolic Reflector Equation, y = 2xa 

b x a = 1/8 x 2 = 1/4 

Therefore select chart with same b x a value. 

ye     = 1/2 x* 
bc     = 1/2 
t>„ x a0 = 1/4 

The scale of this chart is: 

b = 1/8 = l/4 
b0  1/2 

Hence 1" on chart represents l/4n and a receiver 6" true 
length would be drawn on the chart 24" long. The angles 
formed are true and hence the calculated intensity need not 
be multiplied by the scale factor. 

Double Reflection from Reflector 
When the source is large compared to the enclosing 

parabola focus, radiation may impinge on the receiver by 
double reflection from the reflector. Double reflection lines, 
have been included on the 3/4" and 1" source diameter charts. 
This phenomena of double reflection from the reflector will 
be negligible in the great majority of cases; it is included 
herein for the sake of completeness. The use of the charts 
containing double reflection lines is illustrated by the 
following sketch. 
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ANGLE   THRU   WHICH   POINT ~X'  S££S    SOURCE 
ANGLE   A   m     MY   -S'HQLJr    KEFLKCTIOH 
A.MGLE   »  —     ^y    POUBLC     KEFLJeCTION 
ANOLK   C -w      0/aJE-CTI-y 

Multiple Reflection from Receiver 
Un a curved receiver, radiation from the source-reflector 

combination may be reflected from one point onto another point 
of the receiver. A semi-graphical method of determining the 
radiant energy contribution at any point by reflection from 
other points along the receiver surface, is illustrated by the 
following sketch.   ^v f^-e, 

NORMAL 

MO#MAL 
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From any point, A, draw straight 'lines of sight1 to other 
points on the receiver. The angle of incidence is equal to 
the angle of reflection and hence tht; 'lines of sight' may be 
continued beyond these points, B, C, D, etc., toward the 
reflector-source combination. If the reflected 'line of sight* 
falls within the angle tnrough which B, C, D, etc. receive 
radiation from the source-reflector combination, then reflected 
radiation from these points impinge on point A. In this manner 
it is possible to determine the limits of the angle at A 
tnrough v.rhich once reflected radiation will reach point A. 
The intensity of the rays within this angle are not uniform. 
The intensity will be a function of the angle of incidence, P, 
made by the ray from the source-reflector combination and the 
normal at the point on the receiver surface on which it first 
impinges. For Lucite (Plexiglas) and glass, Figures 8 and 9, 
the variation is slight up to incident angles of 45°. Hence, 
the incident energy at point A, by first reflection from other 
points on the receiver, may be evaluated from: 

Q&.   s .04 ITT ^Q] 
d*i z Je, 

For ft  angles larger .than J+5°,   the portion of the angle greater 
tnan 4-5° should be divided into a number of small divisions 
and the energy contributed by each division evaluated by: 

a-- ^^ eC 
r = fraction reflected by the mean ray of the angle 
division and is a function of (3  (Figures 8 and 9j. 

Multiple reflection effects can be evaluated by a similar 
method. 
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APPENDIX V 

CORRECTION FOR CHART METHOD 
OP RADIATION DISTRIBUTION TO ACCOUNT 

FOR FINITE LENGTH SOURCE 

NORMAL 
TOdA 

Consider an element on the source, dA2, Inclined at 
angle of ^"from the horizontal radiating to dA, on the re- 
ceiver which Is Inclined at an angle o< °from the horizontal 
(see sketch above).  The energy impinging upon dA, is 

V/ /Ka r CJH,0,  dA* Cc<Bi 
dA 

*. 

jf£  r Impinging radiant energy, BTU/hr, ft 

X z  intensity of normal incident radiation, BTU/lir, ft* 

and the other symbols are defined by the sketch. 
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NOW: 

c»«, 0, hcnr 
^•h* 

*    *   /X**h* 

AND  Lcr 
cOli   *    //**V 

TH6M 

d/K, "    'X|           tt**K*)» 

The ratio of energy impinging upon dA, for a source 
of finite length to that from an infinite length source is 
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tOodCC 

Wtew+A« *••*)] - Wtena+* *~"&3 
Vth» 

As in Appendix IV it is assumed that the receiver and 
radiator contain parallel elements.  Also herein, it is assumed 
that the source-reflector combination is narrow and can be 
represented by a differential width strip.  Where the sour«e 
width is large, this method may be applied by dividing the 
source into narrow strips and determining separate factors for 
each. 

Since the chart method of Appendix IV for determining 
intensity distribution is for an Infinite length source-reflector 
combination, the factor P, when multiplied by the chart results 
will correct for finite source length.  The factor, F, has to be 
determined for each point on the receiver.  To simplify the cal- 
culations involved, the factor has been plotted in Fig. 86 as a 
function of <ft,#*eM° -^.ME)*  TO use tne chart determine the 
factors for (0 to the right and left of the point on the receiver 
and add the two values.  The factor will be, one, for an infi- 
nitely long source on both sides of the receiver and less than 
one for all other cases. 
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APPENDIX VI 

CORRECTION FOR  CHART METHOD OF  RADIATION 
DISTRIBUTION TO ACCOUNT FOR FINITE LENGTH  SOURCE 

AND  RECEIVER  REFLECTION 

NORMAL 
TO dA, 

This correc 
use of the chart 
thru the surface 
passing thru the 
amount reflected 
source length, a 
factor F*. It wa 
tion could be re 

tion was derived in order to determine by 
method the amount of radiant energy passing 
at any point on the receiver.  The energy 
surface is less than that impinging, by the 
from the surface. Correction for finite 

s derived in Appendix V, is included in this 
s assumed that the reflector-source combina- 
presented by a narrow strip. 

The energy impinging on dA, and which is not reflected 
at the surface, is 

5! . (\ 
cLAi     J 

axet(tAz (UrtBt, ('-r) (i) 
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wherein 

•5L - Impinging radiant energy passing through 
<M«  surface, BTU/hr, ft*" 

I - intensity of normal incident radiation, 
BTU/hr, ft* 

r z  fraction of incident energy that is reflected 

and the other symbols are identified on the diagram. 

Reflection as a function of angle of incidence is expressed 
by the somewhat complex Fresnel relationship,  It was found 
that the following equation, expressing this relationship, 
could be more readily used, and that it differed by a negligi- 
ble amount from Fresnel'a equationfor glass and plexiglas (see 
Fig. 87 for comparison of the two equations). 

r».04+W:M8 (2) m 
XuBSTiTtfTWfc    EQC2)   u*    Ec? O 

/\wD   AS   10   APPENDIX   JT 

C++ Gt   - ITTVH5 

*"***    7=£       e~F^ »1<M • 

*• *£ h)  fcwJod* 
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As mentioned in the previous appendix, use of the chart 
is a graphical means of determining the energy impinging on 
the receiver element from an infinite length receiver.  This 
energy intensity was denoted by the symbol,  _Q_  , and was 
shown to equal 4 A. 

(5) 

IKJITB   iev(,-cH sooecs 

(A) «F" (6) 

r f,   -'    fa ***" ^e Mff/P-n - r~ /z^y ^     (7) 

To simplify the following mathematics and the later tabulations, 
the factor F1 was divided into its twj components, one covering the 
correction for the source to the left and the other to the right 

F- K • *' (8) 

In explaining the derivation, F^ will be used, but similar 
procedure could be used for F^ • 
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o 

s h^rT' +^^w^7r"2^J 
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H 

^ 

-« #)3£ *~^* 7^F ^ v~ *$f$"*0 
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=  't A*^fVc+,0-g **,'fpo*<?+j£(V-iA^Zf) 

f*^pS(/?= -$*"L0}C*4</>+±{^^ S0> 

+4 £**fip£"<p +/[:^pco4<p+i frfiMffiu 
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h 

I - 4<^ »*•#$ *.- *4iM*4 

3 

• i <** <P fa%4+tyj+ i i^f^oi [AMSJ C^<f+l C^ftHcf 

+ f [-^<Pc~<P+%(<p-i^2<fi)]tyl (,0) 

7t 
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+.f£*^<f>6><><P + h (Q-iAtmZJ) 
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'IT 

The factor FR has been plotted for all values of (ft,     and 
various values of •<  in Pig. 88 in order to eliminate the 
arduous task of solving Eq. (10).  The f actor FJJ may be obtained 
from the same Fig. by determining the value of  ^t   to bhe left 
of dA, . As mentioned previously the total correction factor, 
F1 , is equal to FR *• FL .  For the s pecial case where the 
source is entirely on one side and does not extend thru the 
origin, Fig. 88 may s till be used.  Find the value of F* for 
an imaginary source extending from the origin to the beginning 
of the actual source and for a second imaginary source extending 
from the origin to the end of the real source; then subtract the 
former from the latter. 

By definition, the factor, F  , multiplied by the intensity 
determined by the chart method, corrects for finite source 
length and receiver reflection. 
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APPENDIX VII 

CORRECTION FOR CHART METHOD 
OF RADIATION DISTRIBUTION 

TO ACCOUNT FOR REFLECTION (TWO DIMENSIONAL) 

:V^ 

SOURCE 

RECE/VSR 

REFLECTOR 

Consider the two dimensional case shown in the above 
illustration*  Energy impinges on point P on the receiver 
between the angles ©, , and ©t .  A varying percentage of 
the rays between these two angles will be reflected from the 
surface in accordance with Fresnel's relationship.  To account 
for this reflection loss, a correction factor was derived as 
shown in the following* 

Modifying Lambert's Cosine Law to account for reflection, 
the energy intensity passing thru the surface at any point P 
on the receiver is: 

(i) 

where 

Mk   s energy intensity passing thru the surface, 
M"   BTU/hr, ft*" 

I x intensity of normal incident radiation, 
BTU/hr, ft* 

r z  fraction of energy reflected at any indident 
angle 
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0- s angle of Incidence 

The Fresnel reflection relationship is somewhat complex. 
It was found that Eq. (2), simpler in form, could be used with 
but little error to express the relationship between reflec- 
tion and angle of incidence for glass or plexiglas (see Fig. 
87 for comparison of the two equations). 

r..M*.i*(!)« (2) 

°i )b   \n.l (3) 

^•L. 

The second term of Eq. (3) can be integrated as is, 
but for evaluation purposes it proved simpler to express 
cos © In infinite series form and then Integrate; only 
the first few terms are significant. 

The above expression was evaluated for ©, z.  0 and 
ranging from O   to TJ/V and the results are presented in 
Pig. 89.  The graph may be used for all cases, not only 
when &f z  0.  For these other cases, determine the values 
from the chart for &t  and 9^ and subtract the former from 
the latter. 
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APPENDIX VIII 

CORRECTION FOR BLOCKAGE 

Blockage is herein defined as the percentage of the 
total radiationfrom a radiator within a reflector which ia 
reflected back onto the radiator.  If the r eflector material 
haa a 0.0 emiaalvity and the radiator an emissivity of 1.0 
there la not any energy loss involved in blockage.  The 
energy given off by the radiator, which ia blocked, ia merely 
returned to the radiator. However, the effective radiating 
area of the source is decreased by the blockage phenomena. 

In Appendix V, it was shown that the radiation received 
on dA,from an infinitely long strip source, containing ele- 
ments parallel to dA, is : 

*A>     loo F 

=r X   jrV/ 6rooc aroV 

(Refer to Appendix V for sketch and nomenclature.) 

Now consider the infinitely long, narrow strip,^/^, , 
located on the perimeter of a circular radiator which is 
located at the focus of the parabola.  The receiver element 
dA, Is located on the reflector surface. 

In order to find the total radiation from the circular 
source which will be reflected from dA, back onto the source, 
8um up the contribution from ceach element dJlt  . 
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Because of the properties of this source-reflector 
combination, only the elements in the angle  fcfX-^fo-li+U J" 7 
will contribute. *»    d; rdJ 
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/ 9       = elE / c**«4l* m Si' 

J  = angle between the normal to dA, and a perpendicu- 
lar to the reflector axis 

y s angle at dA, formed by a tangent to the s ource 
and line going through the center of the source. 

-«<LX 

CET**5^ 

CuC'. 
% rdx 

'AXM 

TCL    r*tt+lcm *tf'*&€* J*A+A+U<J 

A4A,Ct<< sZrf x*    w » a. r 

v^ . I 

£•«* 

•I 

-*-  s -771 
r g^W£g£ b 1 
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The equation of the parabolic reflector is y s ax*. 
Also 

**     4      A +**v 

gf/   s£tf x4* 4t«++£ Ou£s~*OU*c*4uL ArusvtA J4   27TfeTTl. 
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v4tf- ; 40?%? 

—————— """ julvv^- « 

/fed,1- ***** 

i +4 ay- _ .£—» 
 r*    _   44, £ * 

/fr£* 

JC, d4tA + 4*?** * /t A*b* 

?*>* = * 1///44V+4. -i 

B 

*   %r/&*C'Jlfi^rtf~^ -f 

^*      ^^44* 

o 
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1  + CM^^I 

^ |_V /*4V*" I+44V] 
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A* e = c+* •i 

Wk*i 

» /M* »V •«"-* 

<p = ti£ 
*/r 

<J(J(*M +i)x-gr 

~<i^' *u 

= AC 

/#) 

^*~/*= ila^^H^ - HfW^ 
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jL~ 

eir-£(Sv*i-£7. 

X    • * 

t4    +i 

-/ 
U/c  Ct4'4 

2. 

To save computation time, the above equation has been 
solved for all possible values of (b/f),  (0 toTT/2), and the 
results plotted in Fig. 91. 
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APPENDIX IX 

SAMPLE CALCULATION FOR EXPERIMENTAL REFLECTOR TESTS 

The detailed calculations for run no. 1, Figure 94> are 
presented herein. 

Predicted Results 
The incident radiant energy distribution on a 12 inch 

length receiver was determined for an infinitely long radiator 
by the semi-graphical method. A design chart, similar to 
Figure 82 was constructed for the parabola curve y = Jx^ with 
a 0.6 inch circular source at the focus. A sheet of paper, 
representing the receiver, was oriented with respect to the 
chart reflector as in the actual test set-up. The intercepted 
angle, the angle over which the source can be 'seen' directly 
or by reflection, was determined at 12 equally spaced stations 
on the receiver. The intensity at each station was then 

AN4LE or 
INCLINGT/ON 
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determined by Eq. (2) of Appendix IV. 

3. . si sin 8] 
6z 

"A,  2     J 9, 
The result of this computation is shown in column two of Table I. 

The angle, <f>^  , shown in the diagram of Appendix V was deter- 
mined by trigonometric means for each station.  The effective 
length of the source was 2\»2$  inches on each side of the receiver 
row of stations.  The angle was measured to the center of the 
source extreme.  Because the source is symmetrically located, the 
angle <j>  to the left and right are equal.  The value of ^> for each 
station is listed in column three of Table I. 

The correction for finite length and reflection from the re- 
ceiver surface was next determined from Figure 88 for a constant 
a = 75>°»  This is the complement of the angle formed by the re- 
ceiver plane and the centerline of the parabola, the angle of in- 
clination.  In the derivation of the equation for Figure 88, it 
was indicated that a was an average value of 9^  and $2  flt each 
point.  Use of such values yielded intensity variations twice as 
great and average intensities 10$ greater than that obtained by 
considering a  a constant for any angle of inclination.  Because 
the latter method agreed so much better with experimental results, 
it was used in the comparison.  However, it is possible that the 
variation of absorbed energy is as Indicated by the former method 
and the conduction of heat within the Plexiglas made the experi- 
mental temperature distribution more uniform. 

The correction factors, F  , as determined from Figure 88 and 
multiplied by 2 to account for both the left and right sides are 
shown in column four. 

Q.   , 
The product of d/\ and F , column £» represents the intensity 

of radiant energy, from the source-reflector combination, passing 
through the surface of the receiver. For a plexiglas receiver 
and low source temperature, it also represents the absorbed energy. 
The average intensity Is .IOI4. x 2 and the maximum variation is 
10/1.  The source covering was cnrome-steel.  Assuming an effec- 
tive reflectivity of reflector of 0.95, a source emissivity of 
0.6$, the value of W at 6lj.0oF is determined as follows: 

W = «*T4 = .95 x.65 x.173 (^)   =   1560 BTU / hr, ft2 
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TABLE I 

1 2 3 4 5 

Station 

degrees 

F1 
3A, dA, 

1 .422* *^ 4.4 .664 .280* Y 

2 .367 6.0 .664 .244 

3 .219 7.8 .664 .146 

4 .190 9.8 .664 .126 

5 .133 12.0 .662 .088 

6 .133 U.O .662 .088 

7 .100 16.2 .66 .066 

8 .093 18.3 .66 .062 

9 .035 20.1 .658 .056 

10 .059 22.4 .654 .038 

11 .048 24.3 .652 .032 

12 .04-3 26.2 .65 .028 

Sum 1.254* TT 

Average .104* -y- 

Max,Variation 

= .280 = 10/1 
7028" 
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Hence the average heat absorption is: 

*[L-   m .104 & = .w4* MO    =  3| PTO/MA^1 

Experimental Results 
The pertinent test results were as follows: 

Room temperature • 8l°F 
Average receiver surface temperature rise - 23.5°F 
Maximum receiver surface temperature rise variation * 10.6/i 
Source surface temperature * 640°F 

From the above data, the neat loss from the receiver, and 
hence the heat gain by radiation, was determined in the follow- 
ing manner. The radiation was assumed to be absorbed in a 
very thin layer at the plexiglas front surface (See Figure 33). 

TR 

The natural convection coefficient at the midpoint was calcu- 
lated from (Ref. Zl): 

The radiation coefficient for the radiation loss from the 
surface to the surroundings, is: 

AFTR 5374- 85 



The conductivity of plexiglas, It, is 1.5 BTU/hr, ft^F/in 

For T%  = (81 + 4.60)°F and average AT = 23.5°F the calcu- 
lated value of (h«4-hr)  is 1.91 BTU/hr, ft? OF. Hence the 
heat loss to the left is: 

H = 1.92 x 23.5 = 45 BTU/hr, ft'1' 

The heat loss to right v/as solved by a trial and error method. 
On the last try, it v/as assumed that the combined coefficient 
for the back surface, (hc+hr}     was equal to 1.34-. The back 
surface temperature, T», was therefore: 

T. = 81 * 23.5  —— N 

T^ = 81 +  23.5   I lfzs        =   WF 

Substituting  this  temperature  into  the  equations  for  he 
and   hr   yields  1.34-,  which checks v;ith  the  original assumption. 
Hence the heat loss  to the right is: 

«* *   6»e+0 *T»   '-84 (91-80*3*1  *t«/hn,J+ 

The total loss  is   tierefore: 

S!    =  Hp+rfc    -  -4^ + 33.1    «   7« / ^rv/Zw 
*A, 

This compares well with the predicted value. Since these 
calculations are fairly rough, the close agreement in this 
particular case is fortuitous. 
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APraroix x 

REFLECTION FROf A WATER DROPLET 

Assume a hemi-spherical shaped water droplet with normal 
parallel radiation Impinging upon It. 

EQUAL AREA 
DMS/OHX or 
PROJECTION 
HOGMAL TO 
PADJATION 

Equal area annular rings, of the projection of the droplet 
on a plane perpendicular to the incident radation, will contain 
equal amounts of incident energy. For the purposes of this cal- 
culation, the projection was divided into ten such equal annular 
areas. The ratio of the radius of the center of each of these rings 
to the droplet radius is listed in CdLumn 2 of Table I. 

The angle of incidence between the radiation path and the 
normal to the surface was computed at the center of each of these 
annular rings fromt 

.'/MC/DENT GAD/AT/ON 
NORMAL 70 SURFACE 

6=   £~- S^z 

The computed angles are listed in Column 3 of the Table. Using 
a refractive index of 1.53 for water, the reflection was calculated 
from Fresnel»s equation (Eq. 4, Section I) for each of these angles 
and are tabulated in Column 4. Since annular rings were chosen 
which had equal amounts of Impinging energy, the average value of 
Column 4, 6 %, is the average reflection coefficient. 
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TAtfLE I 

Annular Ring Ratio of Ring to Angle of Reflection 
No. Droplet Radius, r/« Incidence, i Coefficient 

Degrees */• 

1 .158 9. 2.1 
2 .382 22.5 2.1 
3 .498 30 2.1 
4 .590 36 2.3 
5 .670 42 2.5 
6 .741 48 3.0 
7 .806 55 4.3 
8 .866 60 5.9 
9 .922 67 10.2 
10 .974 70 

Avera* 

25.7 

10 60.2 

je 6.0 % 
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